cdc25C is a phosphatase, which activates the mitosispromoting factor cyclin B1/cdc2 by dephosphorylation, and thus triggers G 2 /M transition. The activity of cdc25C itself is controlled by phosphorylation of certain aminoacid residues, which among other things determines the subcellular localization of the enzyme. Here, we describe a new phosphorylation site at threonine 236 of cdc25C, which is phosphorylated by protein kinase CK2. This phosphorylation site is located near the nuclear localization signal (amino acids 239-245). We demonstrate that cdc25C interacts with importin b and the importin a/b heterodimer but not with importin a. We further found that a cdc25C phosphorylation mutant where threonine 236 was replaced by aspartic acid as well as cdc25C phosphorylated by CK2 binds importin b or the importin a/b heterodimer less efficiently than wild type or the corresponding alanine mutant. Furthermore, the cdc25C T236D shows a retarded uptake into the nucleus in a cell import assay. Inhibition of protein kinase CK2 enzyme activity in vivo resulted in an enhanced nuclear localization of cdc25C. Thus, phosphorylation of cdc25C at threonine 236 is an important signal for the retention of cdc25C in the cytoplasm.
cdc25C is a phosphatase, which activates the mitosispromoting factor cyclin B1/cdc2 by dephosphorylation, and thus triggers G 2 /M transition. The activity of cdc25C itself is controlled by phosphorylation of certain aminoacid residues, which among other things determines the subcellular localization of the enzyme. Here, we describe a new phosphorylation site at threonine 236 of cdc25C, which is phosphorylated by protein kinase CK2. This phosphorylation site is located near the nuclear localization signal (amino acids 239-245). We demonstrate that cdc25C interacts with importin b and the importin a/b heterodimer but not with importin a. We further found that a cdc25C phosphorylation mutant where threonine 236 was replaced by aspartic acid as well as cdc25C phosphorylated by CK2 binds importin b or the importin a/b heterodimer less efficiently than wild type or the corresponding alanine mutant. Furthermore, the cdc25C T236D shows a retarded uptake into the nucleus in a cell import assay. Inhibition of protein kinase CK2 enzyme activity in vivo resulted in an enhanced nuclear localization of cdc25C. Thus, phosphorylation of cdc25C at threonine 236 is an important signal for the retention of cdc25C in the cytoplasm.
Introduction
Progress through the eukaryotic cell cycle is mainly controlled by cyclin-dependent kinases (cdks). The enzymatic activity of these kinases is regulated by (i) the assembly of the regulatory cyclin subunits with the catalytic cdks, (ii) activating and inactivating kinases, (iii) its subcellular localization and (iv) specific phosphatases (for review see Walworth, 2000; Miller and Cross, 2001; Nigg, 2001) . Three closely related proteins termed cdc25A, cdc25B and cdc25C constitute these cell cycle regulating phosphatases. cdc25A regulates G 1 /S transition whereas cdc25B and cdc25C are mainly involved in G 2 /M progression (Gabrielli et al., 1996; Karlsson et al., 1999) . Common to all three phosphatases is the dephosphorylation of two critical amino acids namely threonine 14 and tyrosine 15 in the polypeptide chain of cdks. Dephosphorylation of these two residues is essential for activation of the cdks and for proper cell cycle progression (for review see Morgan, 1997) . Given the critical role of cdc25C for G 2 /M progression and for checkpoint control, understanding the regulation of cdc25C is a crucial point. The enzymatic activity of cdc25C is low during interphase and increases sharply at the G 2 /M transition point (Kumagai and Dunphy, 1992; Izumi et al., 1992) . Cyclin B1/cdc2 (Izumi and Maller, 1993) and the polo-like kinase Plk1 (Roshak et al., 2000; Qian et al., 2001) phosphorylate and activate cdc25C. Two other kinases, Chk1 (Zeng et al., 1998) and TAK1 (Peng et al., 1998) , also phosphorylate cdc25C but their phosphorylation leads to inactivation of cdc25C. This inactivation is achieved by phosphorylation of cdc25C at serine 216, which is a prerequisite for the association with the 14-3-3 protein. There is ample evidence that binding of 14-3-3 protein increases the cytoplasmic localization of cdc25C (Graves et al., 2000 (Graves et al., , 2001 in human cells. In addition, cdc25C is actively transported from the nucleus to the cytoplasm through a leptomycin B-sensitive pathway (Graves et al., 2001) . Since the only known substrate of cdc25C is located in the cell nucleus at the G 2 /M transition, translocation to or fixation in the cytoplasm means inactivation of cdc25C activity. In addition, cdc25C contains both a nuclear localization signal right in the centre of the polypeptide chain from amino acids 240 to 244 and a nuclear export signal from amino acids 177 to 200 (Graves et al., 2001) . Thus, besides phosphorylation, the subcellular localization of cdc25C is another mechanism for regulation of the phosphatase activity. The mechanism by which cdc25C enters into the nucleus is not yet clear. Transport of proteins with a conventional nuclear location signal (NLS) is initially mediated by binding to a heterodimer consisting of importin a and b (Imamoto et al., 1995a) . In addition to the NLS, phosphorylation in the vicinity of the NLS has been shown to modulate NLS function in either a positive or a negative fashion (for review see Jans, 1995) . In addition to this classical NLS import mechanism, there exists a nonclassical import mechanism that is mediated by importin b in the absence of importin a (Cingolani et al., 2002) . Also for this transport mechanism, phosphorylation near the NLS can regulate nuclear import (Lam et al., 1999) . A number of cellular regulatory proteins are targets for protein kinase CK2 (Meggio and Pinna, 2003) , formerly known as casein kinase 2 (Pinna and Meggio, 1997) . Among these targets are the growth suppressor p53 (Meek et al., 1990; Lorenz et al., 1992) , its binding partner mdm2 (Go¨tz et al., 1999) , cdc2 (Meggio et al., 1993) as well as cyclin H (Schneider et al., 2002) . Phosphorylation of some of these proteins by CK2 results either in gain of function or loss of function (Rihs et al., 1991; Xiao et al., 1998; Forwood et al., 1999) . Additionally, phosphorylation of proteins by CK2 regulates the nuclear localization of these proteins in a positive (Rihs et al., 1991; Xiao et al., 1998; Briggs et al., 2001) or negative (Forwood et al., 1999) manner. Among other kinases, CK2 is unique in that it is ubiquitously expressed and constitutively active. It does not seem to be regulated by known regulatory mechanisms (for review see Litchfield, 2003) . Nonetheless, various experiments in higher eukaryotes suggest a role for protein kinase CK2 in cell cycle progression as well as in apoptosis (Dotan et al., 2001) .
In the present study we analysed cdc25C as a substrate for protein kinase CK2 and the influence of CK2 on cellular properties of cdc25C. We demonstrate that cdc25C is phosphorylated by protein kinase CK2, and the phosphorylation site was mapped to threonine 236. This residue is in close vicinity to the nuclear localization signal. We will show here that cdc25C binds to importin a/b and also to importin b alone, indicating that cdc25C harbours a nonclassical NLS signal. Mutation of the threonine residue to aspartic acid, mimicking CK2 phosphorylation, causes a reduced binding activity of cdc25C to importin a/b and also to importin b alone, indicating that CK2 phosphorylation delays nuclear import. This finding was confirmed by a cell import assay where the aspartic acid mutant was retained in the cytoplasm whereas the wild-type protein or a corresponding alanine mutant was translocated into the nucleus. Furthermore, inhibiting CK2 enzyme activity in vivo resulted in an enhanced level of cdc25C in the nucleus. Thus, in the present study we have demonstrated that phosphorylation at threonine 236 by protein kinase CK2 modulates the subcellular localization of cdc25C.
Results
The G 2 /M check point control phosphatase cdc25C is phosphorylated by the cyclin B1/cdc2 kinase, Chk1, TAK1 and the polo-like kinase Plk-1. Since there is some indication that protein kinase CK2 is somehow implicated in the regulation of the G 2 /M transition, we wondered whether protein kinase CK2 might phosphorylate and thereby regulate cdc25C. Scanning the amino-acid sequence of cdc25C for potential CK2 phosphorylation sites revealed at least five different sites with the consensus sequence SxxD/E (indicated by asterisks in Figure 1 ). In order to analyse whether cdc25C is a substrate for protein kinase CK2, cdc25C was bacterially expressed as a His-tag fusion protein and purified using Ni 2 þ -nitrilo-acetic acid (NTA) agarose. The purified protein was incubated with protein kinase CK2 holoenzyme and 32 PgATP. The phosphorylated protein was analysed on a 12.5% SDS polyacrylamide gel followed by an autoradiography. Figure 2 (lane 2) shows that cdc25C is efficiently phosphorylated by protein kinase CK2. In several experiments, we determined the phosphate incorporation into cdc25C to be between 0.1 and 0.15 mol phosphate/mol protein.
To show the specificity of the phosphorylation, we performed competition experiments with the CK2-specific peptide RRRDDDSDDD (Kuenzel and Krebs, 1985) . By adding the peptide in a concentration of up to 100 mM we inhibited the phosphorylation of cdc25C (Figure 2a, lane 3) by 80%, thus indicating that we measured indeed CK2 activity.
The CK2 holoenzyme is composed of two regulatory b-subunits and two catalytic a-or a 0 -subunits. The b-subunits confer stability to the a-or a 0 -subunits, and assembly of the a-and b-subunits leads to an elevated protein kinase activity for most of the substrates when compared to the activity of the catalytic subunits alone (Montenarh, 2003 and references therein) . However, in a few cases, assembly of the CK2 holoenzyme results in a reduced protein kinase activity. Therefore, we next tested the efficiency of cdc25C phosphorylation when the catalytic a-subunit alone was used in the phosphorylation experiments instead of the holoenzyme. According to these experiments, cdc25C seems to be a substrate only for the holoenzyme but not for the catalytic asubunit alone. In a separate experiment, we have shown that the catalytic subunit is active (data not shown).
In order to map exactly the CK2 phosphorylation site on the polypeptide chain of cdc25C, we used a peptide library consisting of 12-amino-acid-long peptides covering the cdc25C sequence, each overlapping by six amino acids with the previous peptide. The peptide filter was incubated with the CK2 holoenzyme and 32 PgATP. Figure 3 shows the peptide filter for the whole aminoacid sequence. The only two peptides, which were phosphorylated in this assay, were peptides P3 and Q3, representing amino acids 229-240 (VEKFKDN-TIPDK) and 235-246 (NTIPDKVKKKYF) of human cdc25C. Both peptides harbour threonine 236, which seems to be the CK2 phosphorylation site. No other peptide from the entire protein was reproducibly phosphorylated in this assay.
To prove that threonine 236 is a CK2 phosphorylation site in the full-length protein, we mutated threonine 236 of cdc25C into alanine or aspartic acid. The corresponding cDNAs for mutant and wild-type cdc25C were expressed in bacteria and the proteins purified. Subsequently, equal amounts of the three proteins were incubated with the CK2 holoenzyme and 32 PgATP. As shown in Figure 4a , wild-type cdc25C was efficiently phosphorylated (lane 1) whereas much weaker signals were visible for the alanine (lane 2) and aspartic acid mutants (lane 3). Western blot analysis demonstrated that equal amounts of wild-type and mutant cdc25C were used in the assay (Figure 4b ). This result strongly supports our finding from the peptide filter assay that threonine 236 is the main phosphorylation site for protein kinase CK2. However, due to the faint bands in the alanine and aspartic acid mutants, we cannot exclude the presence of other minor CK2 phosphorylation sites on the polypeptide chain of cdc25C.
As shown in Figure 1 , threonine 236 is in close vicinity to the nuclear localization signal (squares). Nuclear import of proteins with a conventional NLS is initially mediated by binding to a heterodimer consisting of importin a and b (Imamoto et al., 1995a; Jans, 1995) .Therefore, we wanted to analyse whether cdc25C binds to the importin a/b heterodimer or to either of the subunits.
Glutathione S-transferase (GST)-tagged importin a/b dimer, or importin a or importin b alone were spotted onto a nitrocellulose membrane and then incubated with wild-type cdc25C protein. As a control we used SV40 large T antigen, which harbours a classical NLS and which is known to bind to the importin a/b heterodimer (Jans, 1995) . The membrane was incubated with an anti-GST antibody to confirm equal loading of the membrane with importin and in parallel with an antibody against cdc25C (C-20) or SV40 large T -antigen. As shown in Figure 5 , cdc25C interacts with the importin a/ b dimer and with importin b but not with importin a. Binding of SV40 T-antigen to the importin a/b dimer and importin a demonstrated the validity of the assay and furthermore, it demonstrated that importin a is functional. These results further show that the binding behaviour of cdc25C differs from that of SV40 large T antigen indicating that cdc25C might lack a classical NLS.
To quantify the interaction of cdc25C with the importins, we used an ELISA-based binding assay (Hu¨bner et al., 1997) . A microtitre plate was coated with cdc25C (0, 0.5, 2.5 and 10 mg) and incubated with importin a/b-GST fusion proteins (10 mg/100 ml/well). Bound GSTimportins were detected with primary anti-GST and Figure 1 Amino-acid sequence of human cdc25C. Asterisks (*) indicate putative CK2 sites. The NLS is indicated by squares. A shaded box shows the NES sequence and the Plk1 phosphorylation site within the NES is depicted by a rhomb secondary peroxidase-coupled antibodies. Interaction was visualized by using tetramethylbenzidine as a substrate for the enzyme, which turns into a blue dye with a maximum absorption at 595 nm. No binding of importin a/b-GST to control microtitre wells could be observed. In the presence of increasing concentrations of cdc25C, we recognized increasing binding of importin a/ b-GST in a dose-dependent manner (data not shown).
In the next step, we repeated the binding assay with the optimal concentration of cdc25C (2.5 mg) as determined from the initial experiment, and importin by either using the importin a/b-GST heterodimer or the individual importin subunits. As already observed in the dot blot assay, cdc25C bound the heterodimer and the b-subunit of importin. The a-subunit showed no interaction although it efficiently bound to SV40 T antigen in a control experiment demonstrating that importin a is functional (Figure 6a ). According to these results, cdc25C binds to the nuclear transport receptor importin via the b-subunit.
To assess the influence of CK2 phosphorylation in cdc25C on importin a/b binding, we repeated the experiments with the alanine and aspartic acid mutants. As shown in Figure 6b wild-type cdc25C and the alanine mutant of cdc25C bound equally well to the a/b heterodimer and to importin b. Neither wild-type cdc25C nor the cdc25C mutants bound to importin a. Binding to importin a/b as well as to importin b alone was considerably reduced compared to the binding to wild-type cdc25C when the aspartic acid mutant was used. Experiments with an N-terminal region of cdc25C (amino acids 1-210) lacking the nuclear localization The same amounts of the cdc25C proteins as used for (a) were subjected to Western blot analysis with the monoclonal antibody C-20 followed by detection with the Lumilight system Figure 5 Binding of cdc25C to importin subunits using dot blot analysis. Importin a/b dimer, importin a-GST or importin b-GST were spotted onto a nitrocellulose membrane and incubated with cdc25C or SV40 T antigen for 2 h at 41C. The membrane was probed with anti-GST antibody, an antibody against cdc25C (C-20) or an antibody against SV40 T antigen followed by a peroxidase-coupled secondary antibody signal showed only basal levels of nonspecific binding to the a/b heterodimer corroborating the specificity of the experiment. Since the aspartic acid mutant mimics a phosphorylation at position 236, this result indicates that CK2 phosphorylation of cdc25C reduces binding to importin a/b. Therefore, we repeated the experiment with cdc25C that was prephosphorylated by protein kinase CK2. Figure 6c shows that incubation of cdc25C, with ATP alone or CK2 in the absence of ATP had no influence on the binding of cdc25C to importin a/b. However, phosphorylation of cdc25C by CK2 reduced binding of cdc25C to importin a/b to about 55% compared to nonphosphorylated cdc25C. Thus, we confirmed the binding data with the cdc25C mutants because a phosphorylated cdc25C corresponds to the aspartic acid mutant.
As proteins of the importin family organize the transport of NLS-containing proteins into the nucleus, we were interested to know whether phosphorylation at position 236 has an influence on the nuclear uptake of cdc25C. To study nuclear import of cdc25C, we applied a cell-based nuclear import system according to Adam et al. (1990) . HeLa cells were permeabilized with digitonin and then incubated with cdc25C protein in the presence of a transport mix containing cytosolic factors. cdc25C was visualized with the specific antibody C-20 and an FITC-labelled secondary antibody. As shown in Figure 7a , cdc25C readily accumulated in the nucleus within 15 min. In order to exclude uptake of cdc25C by simple diffusion, for example, through nuclear lamina damage by digitonin, we used wheat germ agglutinin (WGA). WGA is a lectin that binds specifically to glycosylated residues on nuclear pore proteins, thereby inhibiting the interaction of these nucleoporins with import receptors (Finlay et al., 1987) . Blocking this interaction prevents nuclear import but still allows passive diffusion (Palacios et al., 1996) . We repeated the import assay with cdc25C in the presence of WGA and transport mix. As demonstrated in Figure 7b , there was no uptake of cdc25C into the nucleus in the presence of the lectin, whereas cdc25C is readily imported into the nucleus in the absence of WGA. Thus, this import assay is suited to study the import of cdc25C in cells. As we observed different binding behaviour of cdc25C to the importin a-and b-subunits in the ELISA assay, we next addressed the question as to which of the subunits is indispensable for nuclear import of cdc25C. The nuclear import assay with cdc25C was performed in the presence of a complete cytosolic transport mix or in the presence of recombinant importin b, importin a or the heterodimer importin a/ b (Figure 8 ). cdc25C was successfully translocated into the nucleus in the presence of the complete transport mix and in the presence of importin a/b. Importin a alone failed to transport cdc25C into the nucleus, whereas importin b alone was able to translocate cdc25C from the cytosol to the nucleus. These data confirm the results from the ELISA assay in that cdc25C binds to the b-subunit of importin or to the a/b heterodimer via the b-subunit and is transported into the nucleus.
In a next step we used the same experimental design to find out whether phosphorylation at threonine 236 influences the nuclear transport of cdc25C. Permeabilized HeLa cells were provided with recombinant importin b (Figure 9a ) or transport mix (Figure 9b ) and either wild-type cdc25C or the cdc25C mutants, cdc25C T236A or cdc25C T236D . As shown in Figure 9 , cdc25C wt and the alanine mutant were transported into the nucleus, whereas the aspartic acid mutant was not translocated into the nucleus neither with importin b Figure 6 Binding of cdc25C to importin subunits in an ELISAbased binding assay. (a) A microtitre plate was coated with precomplexed importin a/b-GST (10 mg), importin a-GST (3.75 mg) or importin b-GST (6.25 mg) followed by addition of SV40 T antigen or wild-type cdc25C (2.5 mg). (b) A microtitre plate was coated with precomplexed importin a/b-GST, importin a-GST or importin b-GST. Equal amounts of wild-type cdc25C (WT), cdc25C T236A (A), cdc25C T236D (D) or an amino-terminal cdc25C fragment (aa 1-210) were added. (c) cdc25C was incubated with buffer alone (À), with ATP (10 mM) alone ( þ ATP), with CK2 and ATP ( þ ATP þ CK2) or with CK2 alone ( þ CK2). Proteins were used to coat microtitre plates. Precomplexed importin a/b-GST was added and finally bound importin a/b-GST complexes were detected with a GST-specific primary antibody, an alkaline phosphatase-conjugated secondary antibody and tetramethylbenzidine. The absorbance of the dye was measured at 595 nm using a microplate reader alone nor with the complete transport mix. These results support our findings with the importin binding experiments and led to the conclusion that CK2 phosphorylation has an inhibiting effect on nuclear import of cdc25C.
To verify these results in vivo, we performed inhibition experiments using the CK2-specific inhibitor emodin (Yim et al., 1999) . We treated HeLa cells with different concentrations of emodin. By using 60 mM emodin, the CK2 activity was reduced to 50%. Subsequently, we analysed cdc25C in untreated control cells and treated Figure 8 Nuclear import of cdc25C is mediated by importin b. HeLa cells were permeabilized with digitonin and incubated with cdc25C in the presence (cytosol) or absence (control) of HeLa cytosol, or the presence of importin a/b, importin a or importin b, and an ATP-regenerating system. The localization of cdc25C was determined by immunofluorescence with a specific cdc25C antibody (C-20) and an FITC-conjugated goat anti-rabbit antibody. To visualize the nuclei of the HeLa cells, chromosomal staining with DAPI was performed. Magnification: x400 Figure 9 A negative charge next to NLS inhibits the nuclear import of cdc25C. HeLa cells were permeabilized with digitonin. Nuclear import of wild-type cdc25C (WT), cdc25C T236A (A) and cdc25C T236D (D) was analysed as described in Figure 7 . Cells were incubated with cdc25C, importin b (a) or HeLa cytosol (b), and an ATP-regenerating system. For control, wild-type cdc25C (WT), cdc25C T236A (A) and cdc25C T236D (D) were incubated without a transport mix (control). The localization of cdc25C was determined by immunofluorescence with a specific cdc25C antibody (C-20) and an FITC-conjugated goat anti-rabbit antibody. To visualize the nuclei of HeLa cells, chromosomal staining with DAPI was performed. Magnification: Â 400 Figure 7 Nuclear import of cdc25C using a cell import assay. (a) Influence of permeabilization by digitonin on nuclear import. HeLa cells were permeabilized by digitonin or left untreated and then incubated with cdc25C, HeLa cytosol and an ATP-regenerating system. cdc25C was analysed by immunofluorescence with a specific cdc25C antibody (C-20). (b) Transport requires access to nuclear pore complex proteins. HeLa cells were permeabilized with digitonin. For inhibition of the nuclear transport, permeabilized cells were treated with WGA. Cells were incubated with cdc25C, HeLa cytosol and an ATP-regenerating system or only with cdc25C without a transport mix (control). The localization of cdc25C was determined by immunofluorescence with a specific cdc25C antibody (C-20) followed by FITC-conjugated goat antirabbit antibody. To visualize the nuclei of the HeLa cells, chromosomal staining with DAPI was performed. Magnification: Â 400
Phosphorylation of cdc25C by protein kinase CK2 SL Schwindling et al cells by immunofluorescence with the cdc25C-specific antibody C-20. In the untreated control cells, cdc25C was found almost exclusively in the cytoplasm whereas after inhibition of CK2 by emodin more cells exhibited a nuclear staining (Figure 10 ). Thus, these data confirmed the results presented in the previous experiments shown in Figures 8 and 9.
Discussion cdc25C is one of the three members of a class of phosphatases that are components of a network of kinases and phosphatases implicated in cell cycle regulation. cdc25C dephosphorylates the cdc2 subunit of the maturation promoting factor MPF, which leads to activation of cyclin B1/cdc2 and therefore contributes to G 2 /M transition of the cell cycle (Hoffmann and Karsenti, 1994; Karlsson et al., 1999) . cdc25C has only a very low activity in its unphosphorylated form; following hyperphosphorylation, essentially in the amino-terminal region, it efficiently catalyses the activation of cyclin B1/cdc2 and thus triggers G 2 /M transition (Gabrielli et al., 1997) . A number of different kinases phosphorylate cdc25C and thus influence its biological functions. Cyclin B1/ cdc2 as a part of a positive feedback regulation (Hoffmann et al., 1993) phosphorylates cdc25C mainly in the N-terminus of cdc25C. Serine 216 of cdc25C is phosphorylated by the polo-like kinase 3 (Plk3), also named Prk (Quimby and Corbett, 2001) and also by at least four other kinases, namely Chk1, Chk2, Plk1 and TAK-1 (Piwnica-Worms et al., 1991; Strausfeld et al., 1994; Zeng et al., 1998; Li et al., 2002) . Serine 216 is phosphorylated throughout interphase but not during mitosis. This phosphorylation creates a binding site for the 14-3-3 protein, which prevents the translocation of cdc25C into the nucleus. Mutation of this phosphorylation site results in partial accumulation of cdc25C in the nucleus. However, much of the mutant protein is still found in the cytoplasm (Dalal et al., 1999; Graves et al., 2000) , which suggests that binding of cdc25C to the 14-3-3 protein does not regulate the complete translocation of the protein into the nucleus. Another mechanism in the control of the nuclear translocation during prophase seems to be phosphorylation of serine 198 by Plk1 (Toyoshima-Morimoto et al., 2002) . Serine 198 is located in the nuclear export sequence of cdc25C and it was shown that an alanine mutant accumulates in the cytoplasm. Thus, phosphorylation of cdc25C seems to be crucial for the subcellular localization of cdc25C thereby modulating the activity towards the cyclin B1/cdc2 complex.
Scanning the amino-acid sequence of cdc25C, five potential CK2 phosphorylation sites were identified. All five sites contain the minimum consensus sequence (S/T-X-X-E/D/Sp/Tp) with at least one acidic amino acid at position þ 3 (Pinna and Meggio, 1997) . Using peptide libraries with 12-amino-acid-long peptides harbouring all putative CK2 sites, only threonine 236 was identified as a CK2 phosphorylation site. This phosphorylation site was further confirmed by mutation of this threonine to alanine or aspartic acid, which resulted in a considerable decrease in the phosphorylation of cdc25C by CK2. Although we cannot exclude that there are additional sites, which can be phosphorylated by protein kinase CK2, the peptide phosphorylation assay revealed only one phosphorylated amino acid. Although this site was not expected to be one of the favourite sites of CK2 with a cluster of acidic amino acids around it, other substrates have been described with a similar phosphorylation site (Seger et al., 1998; Kasahara and Izumo, 1999) . However, we found that only a relatively weak phosphate incorporation of up to 0.15 mol phosphate/ mol protein threonine 236 is preferred over all other putative CK2 phosphorylation sites of cdc25C. Very recently, Theis-Febvre et al. (2003) reported phosphorylation of cdc25B by CK2, where this phosphorylation influences the enzymatic activity of the phosphatase. We report here that phosphorylation of cdc25C by CK2 at threonine 236 has no influence on the overall enzymatic activity of cdc25C (data not shown). However, there was a clear impact on the nuclear translocation of cdc25C.
Protein kinase CK2 is involved in diverse cellular processes such as control of the protein trafficking within cells. CK2 has also been implicated in the phosphorylation of cyclin B, thereby regulating its nuclear translocation (Li et al., 1997) . Furthermore, CK2 was described as a kinase that regulates the nuclear import of proteins by phosphorylation near the NLS (for review see Jans, 1995) .
The nuclear import of proteins is generally mediated by basic nuclear localization signals that serve as targets for importin a NLS receptors. Importin a is then bound by importin b, which targets the resultant protein complex to the nucleus. A second class of proteins with nonclassical NLS are directly bound by importin b and transported into the nucleus (for review see Quimby and Phosphorylation of cdc25C by protein kinase CK2 SL Schwindling et al Corbett, 2001 ). cdc25C seems to belong to this latter group of proteins as it interacts equally well with the a/b heterodimer and the b-subunit alone. This finding is consistent with the observation by Cingolani et al. (2002) who demonstrated that the NLS protein and importin a bind at different sites in the polypeptide chain of importin b and do not negatively influence the binding of each other to importin b. Moreover, as shown here, interaction with the importin b-subunit seems to be sufficient for the transport of cdc25C into the nucleus.
Furthermore, we observed clear differences in the import kinetics for wild-type cdc25C and the cdc25C T236D mutant. Import of wild-type cdc25C was completed within 15 min whereas cdc25C T236D remained in the cytoplasm. Thus, the import of cdc25C is inhibited by phosphorylation of cdc25C at threonine 236. Since binding to importin b is only reduced by about 50% and the aspartic acid mutant is completely retained in the cytoplasm or at the nuclear membrane, the negative charge close to the NLS seems to have at least two functions: (i) reduction of the binding of cdc25C to importin b and (ii) retraction of cdc25C in the cytoplasm or at the nuclear membrane. This observation seems to be in agreement with recent studies using peptides with phosphorylated or nonphosphorylated peptides harbouring an NLS (Fontes et al., 2003) .
By inhibiting CK2 kinase activity in mammalian cells we observed a relocalization of cdc25C into the nucleus. But soon afterwards the cells began to die, which is in agreement with the observation that a nuclear localization of cdc25C before the G 2 /M transition leads to mitotic catastrophe making it nearly impossible to analyse the data in detail. CK2 is implicated in many processes concerning life and death of a cell. Our observations underline the role of CK2 as a kinase with an apoptosis-protecting function (Ahmed et al., 2002) .
There are several reports that show that protein kinase CK2 is involved in the regulation of the G 2 /M checkpoint. Protein kinase CK2 catalyses mitotic phosphorylation of topoisomerase II (Cardenas et al., 1992; Daum and Gorbsky, 1998 ) thereby creating an MPM-2 epitope (Escargueil et al., 2000) . Another substrate of CK2 is the cdc2 subunit of the MPF (Russo et al., 1992) . However, consequences of this phosphorylation are unknown. Interestingly, phosphorylation of both CK2 subunits by cyclin B1/cdc2 during mitosis enhances the CK2 activity (Mulner-Lorillon et al., 1990; Litchfield et al., 1992 Litchfield et al., , 1995 Bosc et al., 1995) . The importance of CK2-dependent phosphorylation events for cell cycle progression has been demonstrated in yeast (Hanna et al., 1995) as well as in mammalian cells (Li et al., 1999) . When the CK2 b-subunit is overexpressed in CHO cells or in 3T3 L1 fibroblasts, cells are blocked to enter mitosis presumably by preventing the activation of mitotic cyclin-dependent kinases. The significance of CK2 for cell cycle regulating events is mirrored by its distribution within the cell. During mitosis the enzyme is dispersed all over the cell, although a fraction of CK2 -especially the a-subunitis associated with the mitotic spindle (Yu et al., 1991; Krek et al., 1992) . Furthermore, we recently described that the catalytic subunits a and a 0 are associated with the centrosomes, possibly participating in the regulation of the centrosome cycle (Faust et al., 2002) . The fact that CK2 also phosphorylates the cdc25C phosphatase supports the idea of a role for CK2 as a protein kinase important for mitosis.
Materials and methods

Plasmids and protein purification
The cDNA of the wild-type human cdc25C was cloned into the BamH1/HindIII restriction sites of the bacterial expression vector pDS (Qiagen) (Bureik et al., 1997) . The cdc25C T236A and cdc25C T236D mutants were produced by an overlap extension PCR. The point mutation at codon 236 (ACA GCA, serine alanine, or ACA GAT, serine aspartic acid) was introduced by a pair of primers ( . Combination of these primers with the primers for the full-length cDNA yielded two cdc25C fragments from nucleotides 4 to 714 and from 698 to 1422 in two independent PCR reactions. The resulting cDNAs were used as templates to create the full-length cDNA in another polymerase chain reaction. Introduction of the point mutations was verified by sequencing.
All constructs carry a tag of six histidine residues for a onestep purification by metal chelate chromatography. Plasmids were transformed into Escherichia coli strain M15 (pREP4) and expression of the proteins was induced by the addition of 1 mM isopropylthiogalactoside (IPTG) for 2 h. Recombinant proteins were purified in a one-step procedure with an Ni 2 þ -NTA resin according to the manufacturer's recommendations (Qiagen). After eluting from the Ni 2 þ -NTA resin, recombinant proteins were dialysed against 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.1% Tween-20 and stored at À801C.
Mouse importin a (58) -glutathione S-transferase (GST) and mouse importin b (97) -GST in pGEX-2T-vector were kindly provided by David Jans (Imamoto et al., 1995a (Imamoto et al., , 1995b . Plasmids were transformed into E. coli strain M15 (pREP4) and expression of the proteins was induced by the addition of 1 mM IPTG for 3 h. The pellet was resuspended in 50 ml TE buffer (50 mM Tris-HCl, pH 8.3, 1 mM EDTA, 2 mM dithiothreitol (DTT) containing 500 mM NaCl and 1 mM phenylmethylsulfonylfluoride (PMSF)) and freezed/thawed three times. Bacteria were sonicated on ice for 3 Â 30 s. The lysate was clarified by centrifugation (41C, 30 min, 15 000 g). The supernatant was incubated with glutathione agarose beads (Amersham-Pharmacia Biotech, pre-equilibrated in TE buffer with 500 mM NaCl) at 41C overnight. The beads were washed with TE buffer containing 500 mM NaCl until OD 280 nm o0.1. The GST fusion protein was eluted in TE buffer containing 100 mM NaCl and 5 mM imidazole and dialysed overnight against dialysis buffer (20 mM Hepes, pH 7.3, 100 mM potassium acetate, 2 mM DTT, 1 mg/ml leupeptin, 1 mg/ml pepstatin).
The a-and b-subunits of protein kinase CK2 were expressed separately in an IPTG-inducible bacterial expression system (pT7-7, E. coli BL21(DE3)). The bacterial pellets were mixed and then purified according to the method of Grankowski et al. (1991) with the following modifications. The first lysate was loaded onto a P11 phosphocellulose column and was equilibrated with buffer P300 (25 mM Tris-HCl, pH 8.5, 300 mM NaCl, 7 mM 2-mercaptoethanol, 0.2 mM PMSF).
A linear gradient of 2 Â 500 ml in the range of 300-1000 mM NaCl in 25 mM Tris-HCl, pH 8.5, 7 mM 2-mercaptoethanol, and 0.2 mM PMSF was applied. Active fractions eluting at approximately 700 mM NaCl were collected, concentrated and equilibrated with 25 mM Tris-HCl, pH 8.5, 1 M NaCl, 7 mM 2-mercaptoethanol, 0.2 mM PMSF and loaded onto Superose 6 (Amersham-Pharmacia). After gel filtration, CK2-containing fractions were concentrated and dialysed against 25 mM TrisHCl, pH 8.5, 100 mM NaCl, 7 mM 2-mercaptoethanol and 0.2 mM PMSF. Purity of the enzyme was verified by SDS polyacrylamide gel electrophoresis.
In vitro phosphorylation assays
Recombinant cdc25C proteins were mixed with recombinant protein kinase CK2 in 20 ml kinase buffer (50 mM Tris/HCl, pH 7.5,. 150 mM NaCl, 5 mM MgCl 2 , 1 mM DTT). The phosphorylation reaction was started by the addition of 32 PgATP. After 30 min at 371C, the reaction was stopped by the addition of 10 ml sample buffer. Phosphorylated proteins were separated in an SDS polyacrylamide gel and proteins were visualized by autoradiography.
Overlapping dodecapeptides representing the full-length cdc25C sequence were synthesized and immobilized on a cellulose membrane according to the Spot's method with a partially automated synthesizer (Abimed Auto-Spot Robot ASP 222) as recommended by the manufacturer (Genosys). The membrane was equilibrated overnight in kinase buffer supplemented with 1% bovine serum albumin (BSA). For phosphorylation of the peptides, the membrane was incubated in 2 ml kinase buffer with recombinant CK2 in the presence of 32 PgATP. After 30 min at 371C, the membrane was washed three times with 1 M NaCl and subsequently with a ureacontaining buffer (8 M urea, 1% sodium dodecylsulfate, 0.5% 2-mercaptoethanol) to remove any bound proteins. Finally, the membrane was washed with ethanol and dried. Phosphorylated peptides were visualized by autoradiography.
For the ELISA-based binding assay, recombinant cdc25C was incubated with recombinant protein kinase CK2 in 20 ml kinase buffer (50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 1mM DTT). The phosphorylation reaction was initiated by the addition of ATP. After 30 min at 371C, the reaction was stopped by the addition of 50 mM NaHCO 3 , pH 9.8, and proteins were used to coat wells of polystyrene microtitre plates (Nunc) in triplicate for 16 h at 41C.
SDS polyacrylamide gel electrophoresis and Western blot analysis
Proteins were analysed by SDS polyacrylamide gel electrophoresis according to the procedure of Laemmli (1970) . After drying the gels, phosphorylation of proteins was visualized by autoradiography. For Western blot analysis, proteins were transferred to a PVDF membrane by tank blotting with 20 mM Tris/HCl (pH 8.7) and 150 mM glycine as transfer buffer. Membranes were blocked in phosphate-buffered saline (PBS) with 0.1% Tween-20 and 5% dry milk for 1 h at room temperature. The membrane was incubated with the primary antibody in PBS -Tween-20 with 1% dry milk for 1 h. The membrane was then washed with PBS-Tween-20 three times before incubating with the peroxidase -coupled secondary antibody in a dilution of 1 : 30 000 in PBS -Tween-20 with 1% dry milk. Signals were developed and visualized by the Lumilight system of Roche Diagnostics (Mannheim, Germany).
Dot blot analysis
Precomplexation of importin a/b -GST (molar ratio 1 : 1) was carried out in IB buffer (110 mM KCl, 5 mM NaHCO 3 , 5 mM MgCl 2 , 1mM EGTA, 0.1 mM. CaCl 2 , 20 mM Hepes, 1 mM DTT, 5 mg/ml leupeptin, pH 7.4) for 15 min at 221C. The importin a/b dimer, importin a or importin b alone was spotted onto a nitrocellulose membrane. The membrane was blocked with IB buffer containing 5% dry milk for 1 h at room temperature and then incubated with wild-type cdc25C protein or SV40 T antigen in IB buffer for another 2 h at 41C. After washing the membrane with PBS-Tween-20 three times, detection of importin, bound cdc25C or bound SV40 T antigen was performed by Western blot analysis as described above.
ELISA-based binding assay
The assay was performed as described elsewhere (Hu¨bner et al., 1997) . Fusion proteins (cdc25C or importin a/b-GST) in 50 mM NaHCO 3 , pH 9.8, were used to coat wells of polystyrene microtitre plates (Nunc) for 16 h at 41C in triplicate. After blocking with IB buffer containing 5% BSA for 90 min at 221C, appropriate dilutions of precomplexed importin a/b-GST or cdc25C in IB buffer containing 1% BSA were added to the microtitre plates and incubated for 16 h at 41C. After washing the wells with IB buffer, bound importin a/b-GST complexes were detected and visualized using a GST-specific primary antibody (Amersham-Pharmacia Biotech), alkaline phosphatase-conjugated secondary antibody (Sigma) and tetramethylbenzidine (Sigma). cdc25C was detected in the same way using the monoclonal antibody C-20 (Santa Cruz, Biotechnology). The absorbance of the developing dye was measured at 595 nm using a microplate reader (BioRad) and the values normalized against the absorbance of wells incubated without bait. To correct the differences in coating, cdc25C fusion proteins were subjected to parallel ELISA assays using cdc25C-specific antibodies (C-20, Santa Cruz, Biotechnology). Measurements for importin binding were ultimately normalized for any differences in coating efficiencies.
Nuclear import assay
Cell permeabilization and the nuclear transport assay were essentially performed as described by Adam et al. (1990) . HeLa cells grown on coverslips were rinsed in cold transport buffer (20 mM Hepes, pH 7.3, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM DTT, 1 mM EGTA), followed by immersion in ice-cold transport buffer containing 40 mg/ml digitonin. Cells were permeabilized for 5 min and then cold transport buffer replaced the digitonin-containing buffer. After the removal of excess buffer, the coverslips were inverted over a drop of complete transport mixture in a humidified chamber. The complete transport mix contained 50-75% cytosol diluted with transport buffer containing 100 nM cdc25C protein, 1 mM ATP, 5 mM creatine phosphate, 20 U/ ml creatine phosphokinase, and 1 mg/ml of each aprotinin, leupeptin and pepstatin. The entire reaction box was then incubated in a water bath at 301C. For the WGA inhibition experiment, the coverslips were incubated with transport buffer containing 50 mg/ml WGA for 15 min at room temperature. At the end of the assay, each coverslip was rinsed and mounted on a glass microscope slide. After staining with DAPI-or FITC-conjugated cdc25C antibodies, samples were analysed with a Zeiss axioscope.
Inhibition of protein kinase CK2 activity by emodin
HeLa cells were grown in DMEM medium supplemented with 10% FCS until they were subconfluent. The medium was changed and the CK2-specific inhibitor emodin (10 mM stock solution in DMSO) was added to a final concentration of 15, 30 or 60 mM. Control cells were treated with DMSO alone. After incubation for 16 h, the medium was removed and the cells were fixed for immunofluorescence analysis with the cdc25C-specific antibody C-20.
Immunofluorescence
After nuclear import assay, cells were rinsed with PBS and fixed in 3.7% (v/v) formaldehyde in PBS for 10 min at room temperature. Cells were washed 3 Â 10 min with PBS and permeabilized with 0.5% (v/v) Triton X-100 for 10 min, then washed again 3 Â 10 min with PBS, and incubated in PBS þ 10% (w/v) BSA at room temperature for 10 min to block nonspecific protein binding. Cells were incubated with the primary antibody (C-20, in a dilution 1 : 50 in PBS) for 1 h at room temperature or for 30 min at 371C. After washing with PBS containing 0.1% (v/v) Tween-20 at room temperature, cells were incubated with an appropriate FITC-conjugated antirabbit antibody (#488, Molecular Probes, The Netherlands) at room temperature for at least 30 min. Cells were washed again under the same conditions and incubated with 50 ml DAPI (4 0 , 6 0 -Diamidino-2-phenylindol, 0.1 mg/ml) per coverslip at 371C for 15 min. After this incubation, cells were washed twice with PBS and once with water. The coverslips were mounted on a drop of mounting medium and cells were analysed under a fluorescence microscope.
